INTRODUCTION
============

Stroke is the leading cause of death for the elderly, and causes permanent neurological damage, complications, and can eventually lead to death. In clinical research, approximately 30\~40% of acute ischemic stroke patients with hyperglycemia, type 2 diabetes mellitus (T2DM) show increased frequency of stroke than those without \[[@B1]\]. This correlation suggests that a shared mechanism exists in these two disorders, stroke and T2DM. Various pathophysiological mechanisms have been proposed to explain the detrimental effects of hyperglycemia on the ischemic brain \[[@B2]\]. In addition, large clinical trials, including the United Kingdom Prospective Diabetes Study (UKPDS), the Action to Control Cardiovascular Risk in Diabetes trial (ACCORD), and the PROspective pioglitAzone Clinical Trial in macroVascular Events 04 (PROactive) have been conducted to reduce the risk of stroke through glycemic control \[[@B3][@B4][@B5]\]. However, these trials failed to show a clinical benefit, and had several limitations, such as induction of hypoglycemia and deficient research of basic mechanisms.

Glucagon like peptide-1 (GLP-1), responsible for glucose-induced insulin secretion through binding and activation of the G-protein coupled GLP-1 receptor (GLP-1R), is in clinical use for treatment of T2DM \[[@B6]\]. GLP-1 has been found to play a significant neuroprotective role in the brain \[[@B7]\]. Specifically, GLP-1R is involved in learning and memory, which is associated with prevention of hippocampal neuronal apoptosis \[[@B8]\]. It also has been previously reported that stimulation of GLP-1R by its agonist, exendin-4 (ex-4), reduces brain damage and improves functional outcomes in stroke \[[@B9]\]. With respect to the pathogenic factors involved in ischemic reperfusion injury, ex-4 suppresses oxidative stress, inducible nitric oxide synthase (iNOS) expression, and cell apoptosis after reperfusion \[[@B10]\]. Even though GLP-1 has therapeutic potential in neurodegenerative ischemic conditions, there has been little success in neuroprotective treatments targeting GLP-1R. During ischemia, the inflammatory response producing pro-inflammatory factors, such as cyclooxygenase-2 (COX-2), has been shown to lead to the neuronal death \[[@B11]\]. This response is known to be associated with increased expression of the c-Jun NH~2~-terminal kinase (JNK) signaling pathway, which phosphorylates the activation domain of a COX-2 transcription factor, thereby regulating COX-2 transcriptional activity \[[@B12]\]. It has been found that ex-4 attenuates the inflammatory response induced by lipopolysaccharides (LPS) in cardiomyoblasts \[[@B13]\]. However, the anti-inflammatory effects of ex-4 through modulation of COX-2/JNK signaling in cerebral ischemia have not yet been reported.

Islet brain 1 (IB1), also called JNK-interacting protein 1 (JIP1), is a scaffold protein for JNK signaling. JIP1 is selective for the MLK-MKK7-JNK MAP kinase module, which facilitates the sequential interaction of this cascade, and regulates JNK downstream activity \[[@B14]\]. IB1/JIP1 is expressed in neurons and β-cells. Under normal conditions, it is possible that IB1/JIP1 constitutively retains JNK in the cytoplasm, perhaps triaging it for non-stress related functions \[[@B15][@B16]\]. However, certain stresses, including cytokines, UV irradiation, and N-Methyl-D-aspartic acid exposure are associated with down-regulation of IB1/JIP1, which results in translocation of phospho-JNK into the nucleus where it activates transcriptional factors \[[@B17][@B18]\]. The effects of stimulating IB1/JIP1, and inhibiting JNK signaling, are well-characterized in β-cells, especially the effects of GLP-1R agonist, ex-4, treatment \[[@B19]\]. The inverse relationship of JNK and IB1/JIP1 has also been reported in neuronal stress models. Increased JNK activation and death of hippocampal neurons were observed in mice under-expressing IB1/JIP1 upon kainic acid insult \[[@B20]\]. Conversely, in neurons transfected with IB1/JIP1 there was inhibited nuclear translocation of activated JNK \[[@B21]\]. However, there have been few reports on the relationships between IB1/JIP1 and JNK signaling in stroke. Furthermore, clarification of neuroprotective mechanism of ex-4 through IB1/JIP1, particularly after transient middle cerebral artery occlusion (tMCAO), is necessary. In the present study, the mechanism by which ex-4 exerts its neuroprotective effects through IB1/JIP1 after cerebral ischemia-reperfusion injury was investigated.

MATERIAL AND METHODS
====================

Animals
-------

Experiments were carried out in 8-week old male Sprague-Dawley rats, weighing 280\~300 g at the time of ischemia. All procedures were in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care of Sookmyung Women\'s University. All animals were euthanized with an overdose of the anesthetic with isoflurane after experiments were completed to minimize pain or discomfort.

Transgenic (Tg) mice of the TgHS/SF-218 strain, which carries the superoxide dismutase 1 (SOD1) gene with a CD1 background, were derived from the founder stock \[[@B22]\]. There were no observable phenotypic differences between the Tg mice and their wild-type (WT) littermates. Superoxide dismutase 2 knockout (SOD2 KO) mutants (heterozygous) with a CD1 background were backcrossed with CD1 mice for at least 10 generations, and genotypes were determined as previously described \[[@B23]\]. Littermate WT mice with an identical genetic background were used in each experiment. There were no significant differences in physiological parameters between SOD1 Tg or SOD2 KO and WT \[[@B24][@B25]\].

Ex-4 (1 nmole, Sigma-Aldrich, St. Louis, MO, USA), ex9-39 (exendin9-39, 1 nmole, Sigma-Aldrich), or vehicle (saline) was administrated into the left lateral ventricle of the brain 30 min before tMCAO. The doses of ex-4 and ex9-39 were selected based on previously published information. The coordinates for intraventricular administration were 0.8 mm posterior to bregma, 1.5 mm lateral to the midline, and 4.0 mm below the dura surface. Body temperature was maintained at 37℃ during and after injection.

Transient focal cerebral ischemia
---------------------------------

Sprague-Dawley rats were anesthetized and maintained with 2.0% isoflurane in 30% oxygen and 70% nitrous oxide using a face mask. Body temperature was maintained at 37℃ throughout surgery using a heating blanket. The right common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) were exposed through a ventral midline incision. A 2.5 cm length of 3-0 nylon suture with a round tip was introduced into the CCA. The suture was gently advanced from the ECA to the beginning of the middle cerebral artery (MCA) until slight resistance was felt, a length of 19.5 mm. 1 h after MCA occlusion, the suture was withdrawn slowly to restore blood flow.

TTC staining
------------

After reperfusion, the brains were removed and cut into 2 mm-thick coronal sections. The sections were stained with 1.5% 2, 3, 5-triphenyltetrazolium hydrochloride (TTC; Sigma-Aldrich) in saline and then fixed in 4% paraformaldehyde in saline. The stained brains were scanned, and the infracted areas were measured, by image analysis system, Image J (NIH, Bethesda, Maryland, USA). Infarct volumes were expressed as percentages of the total brain volume.

Primary cortical neuron culture
-------------------------------

Primary neurons were prepared from the cortex of embryonic day 16 ICR mice. Brains were harvested, and the pure layers of neurons forming the cortex were dissected from the hemisphere under a microscope. The cortical neurons were dissociated in growth medium (Gibco 11090, plus glutamax, 0.02 M glucose and 5% horse serum, Invitrogen, Carlsbad, CA, USA). The cells were seeded into 6 well plates coated with poly-D-lysine (*Sigma-Aldrich*), and the media was replaced with fresh neurobasal medium (Gibco 21103, plus glutamax and antibiotics) with B27 (Gibco 26050) supplement on the next day. Neurobasal medium (Gibco Invitrogen) was replaced every 2\~3 days, and the cultures were maintained at 37℃ in 95% air / 5% CO~2~ in a humidified incubator.

Oxygen glucose deprivation
--------------------------

Primary neuron cultures were subjected to *in vitro* hypoxicischemia by exposure to oxygen-glucose deprived conditions. The chamber (Plas Labs, Lansing, MI, USA) was deoxygenated with anaerobic gas mixture (95% N~2~-5% CO~2~-5% H~2~) before use. Primary neurons were subjected to oxygen glucose deprivation (OGD) by replacing culture medium with Dulbecco modified Eagle medium (DMEM) without glucose (Invitrogen), and then placing them in the anaerobic chamber flushed with the anaerobic gas mixture at 37℃. After 4 h OGD, the medium was replaced again with medium with glucose and the culture was moved to a 5% CO~2~/95% air incubator for different reoxygenation periods. Primary neurons were treated with ex-4 (50 nM) or ex9-39 (50 nM) during reoxygenation. IB1/JIP1 siRNA were transfected to the neurons 24 h prior to OGD, when necessary.

Western blotting
----------------

After ischemia-reperfusion injury, the cultured cells, or sliced brain tissue from infracted hemisphere, were dissected and homogenized in lysis buffer. The protein extracts were separated on SDS-polyacrylamide gel and electroblotted onto polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). Membranes were incubated overnight at 4℃ in a buffer with 0.1% Tween with primary antibodies specific to GLP-1 (Abcam, Cambridge, MA, USA), GLP-1R (Abcam), IB-1 (BD Transduction Laboratories, San Diego, CA, USA), phospho-SAPK/JNK (Cell Signaling Technology, Beverly, MA, USA), SAPK/JNK (Cell Signaling Technology), phospho-c-Jun (Cell Signaling Technology), p-MKK3/MKK6 (Cell Signaling Technology), phospho-p38 MAPK (Cell Signaling Technology), p38 (Cell Signaling Technology), p44/42 MAPK (Cell Signaling Technology), MMP-9 (Millipore), COX-2 (Cayman, Ann Arbor, MI, USA), β-actin (Sigma-Aldrich), and Transcription factor IID (TFIID) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Following this, membranes were then incubated with appropriate secondary antibodies. The signal was then detected using a chemiluminescent kit (Thermo Scientific, Rockford, IL, USA). Signals were normalized with β-actin or TFIID to standardize equal protein loading.

Quantitative polymerase chain reaction
--------------------------------------

Total cellular RNA was isolated using TRIzol reagent (Life Technologies, Carlsbad, CA, USA), and the cDNA was synthesized. Real-time quantitative PCR assays were carried out using the 7500 Software version 2.0.5 (Applied Biosystems, Foster City, CA, USA) as the amplification system with 0.4 pM primers, 2 µL template (RT product), 10 µL SYBR Green Real time PCR Master Mix (Toyobo, Osaka, Japan) in 20 µL PCR volume. The sequences of primers were as follows: IB1/JIP-1 forward: 5′-ATGTCTTCATGAGTGGCCC-3′, and reverse: 5′-GATTTCAAGGACACAGCTGG-3′; GLP-1R forward: 5′-AGTAGTGTGCTCCAAGGGCAT-3′, and reverse: 5′-AAGAAAGTGCGTACCCCACCG-3′; COX-2 forward: 5′-CCATGTCAAAACCGTGGTGAATG-3′, and reverse: 5′-ATGGGAGTTGGGCAGTCATCAG-3′. The reverse transcription reaction steps for each cycle consisted of a 10 s initial denaturation step at 95℃, and were followed by 20 s at 60℃ for annealing, and then 30 s at 72℃ for extension.

Cyclic AMP concentrations
-------------------------

To determine adenylyl cyclase activity, rats were treated with ex-4, ex9-39, or vehicle (saline) 30 min prior to MCAO. Dissected brain tissue was lysed in 0.1 M HCl. Direct cAMP measurements were performed using a direct cAMP enzyme immunoassay kit (Enzo Life Sciences, Farmingdale, NY, USA), according to the manufacturer\'s protocol. The mean value was recorded in pg/ml.

Prostaglandin E~2~ concentrations
---------------------------------

To assess the COX-2 activity, prostaglandin E~2~ (PGE~2~), the product of COX-2, concentrations were measured. The infarcted brain treated with ex-4 or ex9-39 was homogenized in a buffer solution (0.1 M phosphate buffer pH 7.4, 1 mM EDTA, 10 µM indomethacin). The PGE~2~ levels in homogenized lysates were determined by an enzyme-linked immunosorbent assay kit (Cayman, Ann Arbor, MI, USA), according to the manufacturer\'s instructions, which is based on the competition between endogenous PGE~2~ and PGE~2~-acetylcholinesterase conjugate (PGE~2~ tracer) for a limited amount of PGE~2~ monoclonal antibody. The mean value was recorded in pg/ml.

Analysis of COX-2 promoter activities
-------------------------------------

Primary neurons were transfected with a COX-2 luciferase reporter gene construct (500 ng/well, Oxford Biomedical Research, Oxford MI, USA) and β-galactosidase (200 ng/well) using the Lipofectamine 2000 reagent (Invitrogen), which was added to antibiotic-free medium (Gibco). After 24 h, cells were subjected to OGD and were subsequently reoxygenated. Before measuring luciferase activity, cells were washed twice with phosphate-buffered saline. Luciferase activity was measured using a Luciferase Assay System (Promega, Madison, WI, USA) according to the manufacturer\'s instructions. The relative COX-2 promoter activities were normalized to that of β-galactosidase.

Immunoprecipitation assay (IP)
------------------------------

To determine protein-protein interactions, brain tissues were homogenized in lysis buffer (20 mM Tris-Cl pH 8.0, 5 mM MgCl~2~, 10% glycerol, 0.1% Tween 20, 0.3 M KCl, 1/1000 2-mercaptoethanol) containing phosphatase inhibitors and protease inhibitors (Sigma-Aldrich). A total of 1000 µg of the protein sample was incubated overnight at 4℃ with anti-IB1/JIP1 antibody (Santa Cruz Biotechnology) conjugated to protein A beads (Bio-Rad Laboratories, Hercules, CA, USA). The beads were washed three times and then boiled to release the captured proteins. After centrifugation, the supernatant was immunoblotted with anti-GLP-1R (Ser10) antibody as described in the Western blot method.

Statistical analysis
--------------------

Results are expressed as means±S.E. Analysis of variance was used for multiple comparisons followed by one-way ANOVA with appropriate Student Newman-Keuls test (GraphPad Prism; Oberlin, San Diego, CA, USA). p-values \<0.05 were considered statistically significant.

RESULTS
=======

Cerebral ischemia reduced the expression of GLP-1 receptor
----------------------------------------------------------

Oxidative stress has a harmful effect on stroke pathogenesis due to the high susceptibility of the brain to the reactive oxygen species (ROS)-induced damage \[[@B26]\]. In a previous report, activation of GLP-1R by agonist ex-4 reduces accumulation of oxidative DNA damage and lipid peroxidation caused by ischemic brain damage \[[@B10]\]. To determine how oxidative stress affects GLP-1R expression, GLP-1R mRNA levels were quantified in rat brains subjected to 1 h tMCAO. Cerebral ischemic reperfusion injury significantly reduced the transcript levels of GLP-1R at 6 h and 24 h after tMCAO ([Fig. 1A](#F1){ref-type="fig"}). Primary neurons subjected to 4 h OGD also showed decreases in GLP-1R mRNA levels, compared to normoxia (Nor) at 4 h and 24 h ([Fig. 1B](#F1){ref-type="fig"}). To clarify the effect of ROS on GLP-1R after ischemic reperfusion injury, we investigated the changes in GLP-1R mRNA levels in SOD2 KO mice that have high ROS levels, and SOD1 Tg mice that have low ROS levels. The expression of GLP-1R was significantly lower in SOD2 KO mice compared to WT mice ([Fig. 1C](#F1){ref-type="fig"}) at 24 h. However, in SOD1 Tg mice, GLP-1R expression was significantly higher than in WT mice ([Fig. 1D](#F1){ref-type="fig"}). Taken together, this suggests that GLP-1R expression is highly correlated with oxidative stress in cerebral ischemia.

Activation of GLP-1 receptor by ex-4 reduces infarct size and improves functional deficit after tMCAO
-----------------------------------------------------------------------------------------------------

GLP-1R agonists have been reported to protect neurons from brain injury induced by oxidative damage \[[@B27]\]. Furthermore, repeated ex-4 administration resulted in reduction of focal cerebral ischemia-induced infarction \[[@B28]\]. However, the neuroprotective mechanism by which this compound operates during cerebral ischemia needs to be elucidated. To further characterize the neuroprotective effect of GLP-1R, ex-4 (GLP-1R agonist) or ex9-39 (GLP-1R antagonist) was administered to the rat brain at 1 h tMCAO. The infarct volume, as measured in 2 mm-thick brain slices, was reduced by more than 75% in ex-4 treated rats compared to vehicle group, but not to the extent that it was reduced in the ex9-39 treated group ([Fig. 2A](#F2){ref-type="fig"}). Immunoblotting revealed that ischemic injury significantly reduced GLP-1R expressions by 36% in rat brains, but ex-4 treatment increased the expression levels of GLP-1R compared to vehicle group, while ex9-39 treatment reduced expression levels. In contrast, GLP-1 was up-regulated by ischemic insults. Ex-4 treatment was able to reduce GLP-1 expression to the basal level, but ex9-39 actually increased the expression ([Fig. 2B](#F2){ref-type="fig"}). Relative GLP-1R mRNA expression was decreased by ischemic insult in the rat brain, but was significantly increased by ex-4 treatment compared to the vehicle group. It was confirmed in two types of primary neurons, BV-2 and bEnd.3, that hypoxic injury reduced GLP-1R expression after OGD ([Fig. 2C](#F2){ref-type="fig"}). Likewise, ex-4 treatment up-regulated the expression of GLP-1R, but ex9-39 treatment reduced GLP-1R levels. Activation of GLP-1R elevates cAMP levels and activates downstream signaling pathways \[[@B29]\]. To validate activation of GLP-1R signaling by ex-4, cyclic AMP concentration was quantified in the rat brain. A cyclic AMP enzymatic immunoassay showed a 2.8-fold increase in cyclic AMP activity in the ex-4 treated group, compared to the vehicle group ([Fig. 2D](#F2){ref-type="fig"}). These results indicate that activation of GLP-1R protects neurons against damage caused by cerebral ischemic insult.

Ex-4 inhibited inflammatory COX-2 expressions through suppressing phospho-JNK
-----------------------------------------------------------------------------

Inflammation has been known to contribute to the progression of brain damage following ischemic reperfusion injury, and COX-2 is a major factor in oxidative damage \[[@B30]\]. To determine whether activation of GLP-1R is related to anti-inflammatory effects in cerebral ischemia, we focused on the changes in COX-2 expression after tMCAO in rats treated with ex-4 or ex9-39. Ischemic injury significantly increased COX-2 expression after 48 h reperfusion ([Fig. 3A](#F3){ref-type="fig"}). However, ex-4 lowered elevated COX-2 levels by as much as 70% after ischemic reperfusion injury in the rat brain. This effect was lost in the GLP-1R antagonist, ex9-39, treated group, indicating that the anti-inflammatory effect of ex-4 was mediated by GLP-1R. Quantitative PCR results also showed increased COX-2 mRNA expression elicited by ischemic reperfusion injury, as well as attenuation of this expression in ex-4 treated rat brains ([Fig. 3B](#F3){ref-type="fig"}). To characterize the effect of ex-4 on the COX-2 promoter, COX-2/luciferase plasmid was transfected to bEnd.3 cells, and cells were treated with ex-4 or ex9-39 ([Fig. 3C](#F3){ref-type="fig"}). Increased COX-2 promoter activity following 6 h OGD was reduced by ex-4 treatment, but not by ex-9-39 treatment. PGE~2~ is a major product of COX-2 at inflammatory sites, where it acts to potentiate edema formation \[[@B31]\]. To confirm reduction of COX-2 activity by ex-4, PGE~2~ levels in the brain were measured at 48 h after tMCAO ([Fig. 3D](#F3){ref-type="fig"}). The production of PGE~2~ was increased 2.7 fold, indicating cerebral ischemic reperfusion injury provoked COX-2-induced inflammation and COX-2 formation, which was strongly inhibited by ex-4 treatment.

Oxidative cerebral ischemia-reperfusion injury mediates various mitogen-activated protein (MAP) kinases including MKK, p38, Erk (42/44), and JNK. To determine which kinases were involved in regulating inflammatory COX-2, phosphorylation levels of a number of MAP kinases were analyzed in the infarcted brain treated with ex-4 or ex9-39. Although there were no significant changes in p38 and Erk (42/44), cerebral ischemia-reperfusion injury increased activation of JNK. Ex-4 inhibited phosphorylation of JNK at 24 h reperfusion, which was reversed by ex9-39 ([Fig. 4A](#F4){ref-type="fig"}). Increased COX-2 expression due to cerebral ischemic injury was attenuated by ex-4 treatment, but not by ex9-39 treatment. Changes in phospho-JNK levels were coincident with those in COX-2 levels at 24 h after tMCAO ([Fig. 4B](#F4){ref-type="fig"}). This showed that phospho-JNK activated the COX-2 promoter, and increased expression of COX-2. Our results indicate that activation of GLP-1R inhibited COX-2 expression, which was mediated through inhibition of the JNK pathway in response to ex-4 after cerebral ischemia.

Enhanced IB1/JIP1 by ex-4 showed neuroprotection after cerebral ischemia
------------------------------------------------------------------------

To explain the decrease in phospho-JNK caused by treatment with ex-4, the scaffold protein IB1/JIP, an upstream protein in the JNK pathway, was examined. IB1/JIP1 inhibits substrate phosphorylation and gene regulation by JNK, and suppresses the biological actions of JNK signal transduction pathway \[[@B15]\]. Overexpressing IB1/JIP, or its JNK-binding domain, prevents activation of c-Jun \[[@B32]\]. We assessed the possibility that ex-4 could modulate the levels of IB1/JIP1 to block JNK-mediated activation of COX-2. tMCAO reduced levels of IB1/JIP1 compared to the sham group ([Fig. 5A](#F5){ref-type="fig"}). However, ex-4 treatment was able to abrogate the decrease in IB1/JIP1 elicited by tMCAO. The rise in IB1/JIP1 protein levels in the ex-4 treated group continued to increase until 24 h after tMCAO. Conversely, in the ex9-39 treated group, the levels of IB1/JIP1 were the same as the vehicle group. Increased IB1/JIP1 negatively regulated phospho-JNK, which suggests that the increase in IB1/JIP1 caused by activation of the GLP-1R is required for inhibition of JNK signaling. To further validate the effect of ex-4 on augmentation of IB1/JIP1 via GLP-1R, we investigated whether IB1/JIP1 interact with GLP-1R. We captured endogenous IB1/JIP1 from lysates of rat brains subjected to tMCAO by immunoprecipitation with the IB1/JIP1 antibody, and GLP-1R was immunoblotted. There was a significant increase in GLP-1R levels in the ex-4 treated group compared to the vehicle group ([Fig. 5B](#F5){ref-type="fig"}). However, phospho-JNK was less recruited in the ex-4 treated group. Treatment with ex9-39 reduced the interaction between GLP-1R and IB1/JIP. Equal amounts of IgG-captured IB1/JIP1 and input proteins were confirmed. These results verify that IB1/JIP1 has a role as the negative regulator of JNK through interaction with GLP-1R in response to ex-4 treatment after cerebral ischemia in rats.

DISCUSSION
==========

It has been proposed that shared pathophysiological mechanisms underlie hyperglycemia and stroke \[[@B1]\]. GLP-1 is currently in clinical use for lowering glucose levels, and has been reported to have functions as a neuropeptide, including: stimulation of neurite outgrowth, promotion of cell survival, and modulation of food and water intake \[[@B33][@B34][@B35]\]. Thus, we examined the effects of GLP-1 in a stroke model to investigate the neuroprotective properties.

GLP-1R is expressed in a wide range of tissues in humans and rodents, including the brain, liver, lung, kidney, spleen, thymus, adrenal glands, pancreas, and throughout the gastrointestinal tract \[[@B36][@B37]\]. Our group has detected GLP-1R in neurons, microglia, and endothelial cells of mice brain. It has been demonstrated that GLP-1R stimulation conferred neuroprotection in stroke and Parkinsonism \[[@B9][@B10]\]. The neuroprotective effect of ex-4 was absent in *Glp1r^-/-^* neurons, indicating that this effect is GLP-1R-mediated \[[@B9]\]. These findings are consistent with our results showing that cerebral ischemia reduced GLP-1R expression in rat brains. Furthermore, administration of GLP-1R agonist, ex-4, to *in vivo* and *in vitro* models proved to be protective after tMCAO or OGD. Treatment with ex-4 was accompanied by increased expression of GLP-1R, while treatment with the GLP-1R antagonist, ex9-39, did not show these neuroprotective effects in stroke. These findings suggest that following oxidative stress after cerebral ischemia, there is a neuroprotective effect through GLP-1R. It has been reported that ex-4 prevents the generation of ROS and suppresses oxidative stress after myocardial infarction \[[@B27][@B38]\]. Our results indicate that GLP-1R levels are highly related to the level of oxidative stress, as SOD2 KO mice had much lower expression of GLP-1R in contrast to the higher expression seen in SOD1 Tg mice.

Activation of GLP-1R elevates cAMP levels and activates the protein kinase A (PKA) signal transduction system \[[@B39]\]. Adding GLP-1 to primary neurons induces a time--dependent elevation in cAMP, indicative of a functional receptor \[[@B9]\]. Moreover, ex-4 treatment resulted in an increase of cAMP and a significant activation of CREB compared with the vehicle group in mice with transient focal cerebral ischemia \[[@B10]\]. This is consistent with our results that show increased cAMP concentrations in the ex-4 treatment group, as well as reduced ischemic injury. Previous work demonstrated a clear involvement of PKA, as Rp-cAMP, which blocks cAMP activation of PKA, abolished the neuroprotective effect of GLP-1 \[[@B33]\]. The pathways that underpin the actions of many endogenous neuroprotective agents against ischemic insults commonly converge on the transcription factor cAMP response element-binding (CREB) protein, which is triggered by increased cAMP levels \[[@B40]\]. In a mouse model of stroke, we confirmed that activation of GLP-1R by ex-4 was mediated by increased levels of cAMP.

As ex-4 treatment reduced infarct volume via activation of GLP-1R signaling after cerebral ischemia, we focused on the anti-inflammatory effect of ex-4. COX-2, in particular, is implicated in ischemic neuronal death \[[@B41]\]. Our results showed that ex-4 suppressed COX-2 expression in the ischemic brain and as well as the subsequent release of PGE~2~, responsible for neuroinflammation in ischemia reperfusion injury. In addition, ex-4 inhibited COX-2 promoter activity at a transcriptional level in bEnd.3 brain endothelial cells. According to previous reports, ex-4 attenuates LPS induced-inflammatory mediators TNF-α, COX-2, and MMP-9 in cardiomyoblasts \[[@B13]\]. In the brain, ex-4 has been shown to inhibit neuroinflammation due to microglia activation, and subsequent induction of iNOS \[[@B10]\]. Together with our findings, these results indicate an anti-inflammatory effect of ex-4 through modulation of COX-2 in cerebral ischemia-reperfusion injury.

The mechanism by which ex-4 causes COX-2 suppression is not fully known. Several possible regulatory kinases that are known to induce COX-2, p38 MAPK, Erk1/2, PI3K, and SAPK/JNK, were activated following ischemia reperfusion injury \[[@B42]\]. We showed a significant suppression of phospho-JNK specifically by ex-4 treatment. Regulation of COX-2 expression by the JNK signaling pathway was supported by the presence of putative AP-1 sites in the COX-2 gene promoter region. JNK is responsible for phosphorylating the AP-1 complex and thereby regulating its transcriptional activity. Our results demonstrated that COX-2 reduction was consistent with the significant inhibition of the phospho-JNK by ex-4 treatment after cerebral ischemia. We believe the decrease in COX-2 activation by ex-4 was induced by suppression of phospho-JNK levels, again suggesting the anti-inflammatory action of ex-4 after tMCAO in rats.

IB1, the rat homologue of JNK-interacting protein 1, has been identified as a scaffolding protein that tethers components of the JNK pathway \[[@B15][@B17][@B43]\]. As indicated by its name, IB1/JIP1 expression is mainly in the insulin-secreting β-cells of the pancreas, and neurons, particularly in the hippocampus, cortex, and the cerebellum \[[@B44]\]. The role of this protein in pancreatic islet has been studied extensively, specifically the role of IB1/JIP1 as a negative regulator of the JNK pathway \[[@B19]\]. In Alzheimer\'s model, IB1/JIP1 binds the β-amyloid precursor protein (APP), and scaffolds with JNK, providing novel insight into the role of APP as an intracellular functional molecule in the progression of Alzheimer\'s disease \[[@B45][@B46][@B47][@B48]\]. Dickens et al. observed that IB1/JIP1 binds more tightly to JNK than the transcriptional factors which signal for neuronal death \[[@B15]\]. Thus, sequestration of JNK in the cytoplasm enhances cellular resistance to stress signals and cell survival. Heterozygous mutant mice underexpressing IB1/JIP1 show greater vulnerability to epilepsy elicited by kainic acid, as well as increased activation of JNK in the mouse hippocampus \[[@B20]\]. In the brain, exposure to NMDA induces degradation of IB1/JIP-1 in cortical neurons \[[@B18]\]. Increased IB1/JIP1 delayed translocation of p-JNK to the nucleus after 8 h reperfusion in stroke, and there was perinuclear colocalization of JNK and IB1/JIP1 in neurons following stimulation, suggesting a functional interaction of these proteins \[[@B21][@B49]\]. Likewise, in our results, the inverse relationship of JNK and IB1/JIP1 expression was found in cerebral ischemia; IB1/JIP1 levels were spared after exposure to ischemia, in contrast to normal brain, with relatively more abundant IB1/JIP1 and less activated JNK. In insulin secreting cells, it has been reported that GLP-1R stimulation induced IB1/JIP1 \[[@B19]\]. The regulatory function of IB1/JIP1 on the JNK pathway in the brain is believed to be closely regulated by oxidative stress.

In this report, we demonstrated increased interaction between GLP-1R and IB1/JIP1 in the ex-4 treated group after tMCAO, compared to the vehicle group. These results suggest a possible contribution of ex-4 to JNK regulation, mediated by the interaction of IB1/JIP1 with GLP-1R.

Taken together, we provide evidence that oxidative cerebral ischemic insult leads to reduction of GLP-1R. Furthermore GLP-1R activation by ex-4 substantially inhibits COX-2 through modulating JNK signaling-mediated stimulation of IB1/JIP1. These findings indicate that GLP-1R stimulation is an effective neuroprotective strategy and would be valuable for the treatment of neuroinflammation as well as hyperglycemia after cerebral ischemia.
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![Reduction of GLP-1 receptor levels after tMCAO, and its relevance to oxidative stress in mice. (A) One-hour tMCAO reduced GLP-1R mRNA expression at 6 h and 24 h reperfusion (Rep) in mice (*n* =4, ^\*^p\<0.05, compared to sham-operated group). (B) Four-hour OGD was performed in primary cultured neurons, and showed decreased GLP-1R mRNA levels compared to Nor. (C) SOD 2 KO mice, which have a high superoxide level, had significantly lower expression of GLP-1R than WT mice under normal or tMCAO (*n* =3, ^\*\*^p\<0.01, compared to sham-operated WT group, ^††^p\<0.01, comparison between sham-operated WT and KO group, ^\#^p\<0.05, comparison between WT and KO mice at 24 h). (D) In SOD1 Tg mice, GLP-1R mRNA levels were higher than WT mice under sham or tMCAO.](en-26-227-g001){#F1}

![Neuroprotective effects of ex-4 through the G protein-coupled GLP-1 receptor. (A) Infarct volume was assessed by TTC staining after tMCAO in rats. Treatment with ex-4, GLP-1R agonist, resulted in a significant reduction of brain tissue damage after ischemic injury. Ex9-39, a GLP-1R antagonist, reduced brain infarction volume; however, it was less than that of ex-4 (*n* =3, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001, compared to sham-operated group, ^\#\#^p\<0.01, ^\#\#\#^p\<0.001, compared to each chemical-treated group). (B) Reduction of GLP-1R protein and mRNA expression were noted at 48 h after 1 h MCAO. Ex-4 efficiently counteracted decreases in GLP-1R in the ischemic rat brain. Treatment of ex9-39 reduced the level of GLP-1R as much as the vehicle group. Ischemic reperfusion injury significantly increased GLP-1 levels (*n* =5, ^\*^p\<0.05, ^\*\*\*^p\<0.001, compared to sham-operated group, ^\#^p\<0.05, ^\#\#^p\<0.01, compared to each chemical-treated group). (C) In primary neurons, mouse brain microglia cells, and endothelial cells, ex-4 increased the reduced GLP-1R protein levels after OGD compared to the vehicle group (*n* =5, ^\*\*^p\<0.01, compared to Nor, ^\#\#^p\<0.01, compared to each chemical-treated group). (D) Cyclic AMP levels were evaluated to investigate GLP-1R signaling. Cyclic AMP levels were decreased after 1 h tMCAO, but showed a significant increase in the ex-4 treated animal group (*n* =4, ^\#\#^p\<0.01, compared to vehicle group).](en-26-227-g002){#F2}

![Anti-inflammatory effects of ex-4 on COX-2 and PGE~2~. (A) The level of COX-2 was significantly increased at 48 h after tMCAO. Treatment with ex-4 restored COX-2 to the basal level after tMCAO in the rat brain. Ex9-39 treatment increased COX-2 levels as much as vehicle group. (B) Ex-4 also reduced the COX-2 mRNA levels in the rat brain after tMCAO (*n* =5, ^\*\*^p\<0.01, compared to sham-operated group, ^\#\#^p\<0.01, compared to chemical-treated group). (C) Results were consistent with the COX-2 promoter assay. Ex-4 attenuated COX-2 luciferase activity after OGD in bEnd.3 cells. Ex9-39 increased COX-2 activity as much as vehicle group. (D) The level of PGE~2~, which is product of COX-2 activity, was increased by 1 h tMCAO, but this level was attenuated by ex-4 (*n* =5, ^\*\*^p\<0.01, compared to the sham-operated group).](en-26-227-g003){#F3}

![Attenuation of the SAPK/JNK pathway by ex-4 through the GLP-1R. (A) Phosphorylation of SAPK/JNK was elevated following ischemic reperfusion injury in rats. Treatment with ex-4 prior to 1 h transient middle cerebral artery occlusion inhibited up-regulation of phospho-JNK and COX-2, while treatment with ex-9-39 increased phospho-JNK levels. Ex-4 did not significantly change other MAPK signaling. (B) Quantitative analyses showed significant augmentation in JNK-mediated COX-2 expression in rat (*n* =4, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001, compared to sham-operated group, ^\#\#^p\<0.01, compared to chemical-treated group at the same time point).](en-26-227-g004){#F4}

![Analysis of the interaction between IB1/JIP1 and GLP-1R after tMCAO in rat. (A) IB1/JIP1 protein levels were down-regulated by 1 h tMCAO, and following reperfusion. Ex-4 treatment dramatically increased IB1/JIP1 levels in the rat brain, while ex9-39 did not. Up-regulation of IB1/JIP1 by ex-4 treatment led to reduced expression of phospho-JNK (*n* =4, ^\#^p\<0.05, compared to chemical treated group at the same time point). (B) Endogenous IB1/JIP1 was captured by immunoprecipitation with an anti-IB1/JIP1 antibody in the total fraction of infarcted brain. Results were detected by immunoblotting using antibodies to GLP-1R, COX-2, and phospho-SAPK/JNK. Decreased GLP-1R was detected in the vehicle group, while the ex-4 treated group showed significant interactions between GLP-1R and IB1/JIP1 compared to the sham group. Input lysates showed no differences (*n* =4, ^\*^p\<0.05, compared to sham-operated group, ^\#^p\<0.01, compared to chemical-treated group).](en-26-227-g005){#F5}
